BPMV infection was reported to reduce soybean yields of southern cultivars between 3 and52% (6), with the most severe reductions occurring when virus infection occurs early in soybean development (14) . BPMV produces further financial losses for soybean producers because it causes increased seed coat mottling, which is an irregular pattern or streaking of the hilum associated with BPMV infection (18, 38) . The effects on yield and seed coat mottling are increased when there is a dual infection of BPMV and Soybean mosaic virus, which causes yield losses >80% (26) . Other symptoms associated with BPMV infection are mild chlorotic mottling of foliage to severe mosaic, leaf rugosity, terminal necrosis, and death (6, 27, 29, 36) . Also, a delay in soybean maturation to cause a symptom known as green stem has been reported (6, 27, 29, 36) ; however, it has been shown recently that green stem is independent of BPMV infection when random plants were tested for BPMV at growth stage R6 (13) .
Current management recommendations for reducing BPMV infection include the application of insecticides to manage BLB populations to reduce the potential for virus movement (15) . Host resistance has been explored but, currently, no soybean lines have been identified with resistance to BPMV (29, 31, 39) . Transgenic soybean lines expressing the BPMV coat protein are resistant to BPMV infection (3, 24) ; however, this resistance has not been incorporated into commercial soybean cultivars (8) .
The goal of this research was to examine the response of soybean cultivars available in the north-central region of the United States to BPMV infection by evaluating symptom expression and effects on agronomic traits in Nebraska and Ohio. Preliminary results from these studies have been published (25, 40) .
MATERIALS AND METHODS
Ohio evaluation of soybean cultivars to early and late infection with BPMV. Seven cultivars and four breeding lines (designated collectively as cultivars; Table  1) The Ohio isolate of BPMV was obtained from soybean leaves and maintained in 'Harosoy' seedlings (4 Bean pod mottle virus (BPMV) has become increasingly common in soybean throughout the north-central region of the United States. Yield loss assessments on southern soybean germplasm have reported reductions ranging from 3 to 52%. Currently, no soybean cultivars have been identified with resistance to BPMV. The objective of this study was to determine the impact of BPMV infection on soybean cultivars representing a broad range of northern soybean germplasm by comparing inoculated and noninoculated soybean plants in paired row studies. In all, 30 and 24 cultivars were evaluated in Nebraska (NE) in which soybean plants were inoculated at the V3 to V4 growth stage. Eleven cultivars from public and breeding lines were inoculated at the VC and R5 to R6 growth stages in Ohio (OH). Disease severity, yield, and percent seed coat mottling were assessed at both locations, whereas protein and oil content also were assessed at NE. Yield and percent seed coat mottling was significantly reduced following inoculation at the VC (OH) and V3 to V4 (NE) growth stages. In addition, seed oil and protein composition were impacted in 1 of the 2 years of the study. This study demonstrates that substantial yield losses can occur in soybean due to BPMV infection. In addition, protein and oil may be affected depending on the environment during the production season.
unifoliate leaf was inoculated with a leafrub inoculation at the unifoliate stage (VC) on 28 a Med = median severity and Rel = relative effect in July or September (Sept); Nt = not tested, due to very poor and uneven stands. Symptom severity was determined using a visual scale of 1 to 5, where 1 = no symptoms and 5 = severe mottling and leaf crinkling on the uppermost set of leaves. Relative effect is the probability that the rating of a plant from a given cultivar was greater than the rating of a randomly chosen plant from a population of all cultivars combined. Differences of relative treatment effects loosely represent the magnitude of the difference of the distribution of two cultivars (not just the central value). b Ohio soybean cultivars and breeding lines were indeterminant grain type and semideterminant insect-resistant (IR) breeding lines. c Treatments were compared using Fishers protected least significant difference (LSD; P ≤ 0.05), calculated based on the standard errors for relative treatment effects for each cultivar. With the nonparametric analysis, there is a different standard error for every relative treatment effect; thus, the LSD shown is actually a mean LSD for all possible pairs of cultivars. and Rel = relative effect, the probability that the rating of a plant from a given cultivar is greater than the rating of a randomly chosen plant from a population of all cultivars combined. Differences of relative treatment effects loosely represent the magnitude of the difference of the distribution of two cultivars (not just the central value). Treatments were compared using Fisher's protected LSD (P ≤ 0.05) calculated based on the standard errors for relative treatment effects for each cultivar; inoculation-cultivar LSD (α = 0.05) = 0.63. With the nonparametric analysis, there is a different standard error for every relative treatment effect; thus, this LSD is actually a mean LSD for all possible pairs of cultivars.
addition, 100-seed subsamples from each plot were counted for the number of seed exhibiting seed coat mottling. This value was converted to percent mottled seed. Nebraska evaluation of soybean cultivars to early infection with BPMV. In all, 30 (Table 2 ) and 23 (Table 3) A BPMV isolate (subgroup I; identified by S. Ghabrial, personal communication)
originally collected from infected soybean in Nebraska was used as the inoculum source. The BPMV isolate was maintained in infected plant material stored at -20ºC and by serial transfer using mechanical inoculation to Phaseolus vulgaris L. cv. Landreth. The BPMV inoculum was prepared from symptomatic P. vulgaris by blending infected plant tissue in 0.025 M potassium phosphate buffer, pH 7.2 (tissue at 0.1 g/ml). The extract was filtered through cotton flour sack towels to remove insoluble plant material, and 28 g of Carborundum (Fisher Scientific, 320 grit) was added per liter. Plants were inoculated with the extract using an airbrush ( Leaf samples were placed into dry 7.6-by-7.6-cm mesh bags (Agdia, Inc.), and 4 ml of phosphate-buffered saline with Tween (PBST, pH 7.2) was added to each bag and ground using a tissue homogenizer (Agdia, Inc.). Samples were tested using a biotinavidin double-antibody sandwich ELISA according to Krell et al. (15) a I = BPMV-inoculated subplots and N = noninoculated subplots. b For percent mottling, a 100-seed subsample from each plot was counted for the number of seed exhibiting seed coat mottling, and this value was converted to percent mottled seed. c LSD = least significant difference (α = 0.05).
number of seed exhibiting seed coat mottling, and this value was converted to percent mottled seed. The 100-seed subsample also was assessed for overall seed quality on a 1-to-5 scale with 1 = 0% seed area mottled and 5 = 76 to 100% seed area mottled (41) .
Statistical analysis. A nonparametric marginal-effects analysis (1,30) was used to determine the effects of cultivar on the ordinal foliar symptom severity ratings in Ohio and rugosity ratings in Nebraska. Assessment time also was analyzed in Ohio for 2001 data. The so-called relative treatment effect (a scaled version of the mean rank of severity; 1,30) was calculated as the summary statistic for comparing among cultivars. The relative treatment effect is the probability that the rating of a plant from a given cultivar is greater than the rating of a randomly chosen plant from a population of all cultivars combined. Differences of relative treatment effects loosely represent the magnitude of the difference of the distribution of two cultivars (not just the central value).
Analysis of variance (ANOVA) was used for the analysis of disease incidence and plant height for plants inoculated at growth stage VC in Ohio. Proc GLM of SAS (SAS Institute, Cary NC) was used for the ANOVA. ANOVA also was used to test the effects of cultivar and inoculation at each inoculation time (early and late) on chlorosis rating, percent mottled seed, yield, percent oil, and percent protein content. In the analysis of yield in Nebraska, whole-plot plant population served as a covariant variable. The chlorosis rating, percent mottled seed, yield, percent oil, and percent protein content in the noninoculated and inoculated subplots were analyzed using inoculation and cultivar as main effects. All treatments were compared by Fisher's protected least significant difference (P < 0.05). Correlations between the percent mottled seed, yield, percent oil, and percent protein content were calculated using a pointserial correlation coefficient as described by Gibbons (7) .
RESULTS
Efficiency of virus inoculations. In Ohio, 97% of the soybean plots inoculated at the VC growth stage were all positive for BPMV, except one plot of cv. Stalwart in 2001 and one of cv. General in 2003, whereas 52% of plots which were inoculated at the R6 to R7 growth stage tested positive for BPMV by ELISA in each year. In Nebraska, the inoculation efficiency for BPMV was 96% in 2003. In 2004, inoculation efficiency decreased, with 44% of the leaf material sampled testing positive for BPMV.
Some plants collected from noninoculated plots in both studies tested positive for BPMV. Even when foliar symptoms were not present in any of the noninoculated plots, BPMV was detected in 50 and 14% of noninoculated plots at the VC and R6 to R7 stages, respectively, during 2001. Symptom severity. In the Ohio study, where BPMV subgroup II was inoculated, symptom severity was significantly lower in plants rated early in the season in 2001, and the interaction between rating date and cultivars was significant (P < 0.05), based on the nonparametric marginal-effects analysis (30; Table 1 ). In general, the estimated relative treatment effects were lower for July than for September, and the corresponding median severity ratings (not di- a Analysis of variance was analyzed using Proc GLM procedure in SAS (SAS Institute, Cary, NC). Values followed by *, **, and *** indicate significance at P ≤ 0.05, P ≤ 0.01, and P < 0.0001, respectively. b Data on oil and protein content were not collected in Ohio.
rectly used in the analysis) likewise were lower for July than for September. At the later rating date, there were several differences found from the July assessment. There was no clear agreement in the relative treatment effects of the cultivar for the two assessments. There was a significant effect of cultivar on the relative treatment effects of severity ratings in 2003 (Table  1) , although most cultivars were not different from each other. Plots inoculated at growth stage R6 to R7 exhibited only mild chlorosis (data not shown). Inoculation significantly (P < 0.001) reduced plant height in plots inoculated at VC compared with the noninoculated control plots for both years (data not shown).
In Nebraska, where BPMV subgroup I was inoculated, there was not a significant interaction of cultivar and inoculation or cultivar alone (P < 0.05) on rugosity ratings based on the nonparametric marginal effects analysis (30) of the data in 2003 (Table 2 ). There was a significant increase in the relative treatment effects for chlorosis ratings among cultivars inoculated with BPMV in 2003 compared with not being inoculated ( Table 2) , with AgriPro 2903RR exhibiting the most chlorosis. However, in 2004, no significant differences in symptoms were found (data not shown). Rugosity ratings ranged from 1.0 to 1.2 for both inoculated and noninoculated plots, while chlorosis ratings ranged from 1.0 to 1.3 for noninoculated plots and from 1.0 to 1.7 for inoculated plots (data not shown).
Effect of BPMV infection on yield, seed composition, and seed quality. In Ohio, BPMV inoculation produced significant reductions in yield (Table 4) . Subplots inoculated at VC had a 22 and 29% reduction in yield relative to noninoculated subplots, whereas plants inoculated at growth stage R6 to R7 showed a -0.5 and 5.5% reduction in yield in 2001 and 2003, respectively. (Table 4 ). In contrast, only Resnik and General (2003) showed significantly lower yield when inoculated at R6 to R7. Nonetheless, BPMV inoculation at the VC growth stage significantly reduced yield in both years across cultivars (Table  5 ). In Nebraska, there was not a significant cultivar-treatment interaction for yield in the analysis of variance for either year (Tables 3, 6 , and 7). As in Ohio, BPMV inoculation significantly reduced yield in both years across cultivars by 11 and 3% in 2003 and 2004, respectively (Table 5) .
BPMV inoculation affected seed composition for soybean cultivars evaluated in Nebraska in 2003, with differences between noninoculated and inoculated plots in protein and oil content. There was no significant cultivar-treatment interaction (Table 4 ). In 2004, there was no significant effect on percent protein content. However, there was significant decrease in oil content in seed from inoculated plots. For 2003 and 2004, there was an overall reduction of percent oil content by 0.5% in inoculated plots, with a proportional increase in protein content of 0.9% in the same plots (Table 6) .
Seed coat mottling was observed in plots of inoculated and noninoculated soybean in all years and locations. In Ohio, the proportion of mottled seed was significantly higher for all entries except Tiffin and HC95-24 in subplots inoculated at VC in 2001 (Table 4 ). In subplots inoculated at R6 to R7, there was no significant increase in seed coat mottling among entries between noninoculated and inoculated; how- Table 5 . Yield and percent mottled seed for soybean cultivars evaluated in Ohio inoculated with Bean pod mottle virus (BPMV) at the unifoliate and R6 to R7 growth stages in the field in two-row plots a I = BPMV-inoculated subplots, N = noninoculated subplots, and Nt = not taken, due to very poor and uneven stands. b For percent mottling, a 100-seed subsample from each plot was counted for the number of seed exhibiting seed coat mottling, and this value was converted to percent mottled seed. c Treatments were compared using Fisher's protected least significant difference (LSD; P ≤ 0.05; α = 0.05); two-way interaction between inoculated and noninoculated and three-way interaction among cultivar-inoculation-growth stage; NS = not significant. ever, BPMV inoculation caused a significant increase in the percentage of seed mottling across entries (Table 5 ). In Nebraska, there was a significant increase in mottled seed in the inoculated plots compared with the noninoculated plots in 2003 (Tables 3 and 7 ). In 2004, there were more mottled seed in the inoculated plots compared with noninoculated plots, but these differences were not significant (Table 7) . In 2003, there were significant differences (P < 0.05) in seed quality with noninoculated plots having a better overall seed quality rating (data not shown). The biserial correlations (Table 8) indicated that the presence of BPMV had an effect on yield and other agronomic properties of soybean in three out of the four studies. In Ohio during 2001 and 2003, yield and percent mottled seed were significantly (P < 0.001) lower in plants with BPMV than without. However, in 1 year in Nebraska (2003), yield was actually higher (P < 0.001) when BPMV was present than when BPMV was absent in the biserial correlation; in the other year in Nebraska (2004), there was no significant effect.
DISCUSSION
Yields of soybean inoculated at the VC (Ohio) and V3 (Nebraska) growth stage with BPMV were significantly lower than noninoculated plots. Although there was a range in yield reduction among evaluated soybean cultivars and years, the overall reduction was 16.3% across locations and years. These yield reductions observed in this study were not as high as previously reported (6, 14) . Although the noninoculated plots were symptom free, BPMV was identified in the noninoculated controls in both years and locations; thus, this may be a contributing factor. However, it is probable that variability in yield among the large number of cultivars used in this study masked reductions in yield that can be detected with a single or few cultivars. It also is possible that breeding programs have improved tolerance to BPMV since those earlier studies. Breeding programs do not typically make selections for BPMV; however, by culling out poorquality seed and lower-yielding lines, BPVM tolerance could have been selected in years with high BPMV incidence. Differences in seed coat mottling were correlated to BPMV infection in this study. Krell et al. (16) found that virus antigen levels in seed were not correlated to the amount of seed coat mottling; therefore, they suggested not using seed coat mottling as an indicator of soybean cultivar sensitivity to BPMV infection. Other results indicate that the level of seed coat mottling is strongly influenced by genotype and other environmental stresses, especially temperature (2, 12, 32, 34, 35) . Thus, although seed coat mottling is strongly associated with BPMV infection, it is important to account for other variables that affect seed coat mottling development when assessing soybean cultivars for tolerance or resistance to BPMV.
The data from Nebraska demonstrate that BPMV infection affects seed oil and protein composition. In current markets, high oil and protein content are desired for international trade of soybean products. a Correlations between both the percent seed coat mottling and yield with the presence or absence of BPMV in the plots was calculated using a point-serial correlation coefficient as described by Gibbons (7). Values followed by *, **, and *** indicate significant differences at P ≤ 0.05, 0.01, and 0.001, respectively. b For percent mottling, a 100-seed subsample from each plot was counted for the number of seed exhibiting seed coat mottling, and this value was converted to percent mottled seed.
For example, premiums are paid in Asian markets for soybean seed that contain a minimum of 19% oil and 35% protein.
Here, the BPMV infection on soybean processing is twofold and could either increase or decrease profits. For example, the 0.5% reduction in oil content induced by BPMV could negate price premiums for producers. On the other hand, the protein increase associated with BPMV infection (0.9%) could increase soybean protein content to the optimal level of 35% or higher and increase profits. Nonetheless, the overall decrease in yield associated with BPMV infection may negate any increase due to high protein content. The overall impact of BPMV on soybean cultivars that are being marketed as Processor Preferred (high oil and protein content) is unknown at this time. BPMV was detected in the noninoculated plots at both locations despite efforts to control virus vectors. Sampling to evaluate infection within subplots was done later in the season and appears to be associated with the unsuccessful control of leaf-feeding insects in the field plots. For the studies performed in Ohio, there was evidence of some feeding by Mexican bean beetles (Epilachna varivestis Mulsant). In Nebraska, BLB, banded cucumber beetles (Diabrotica balteata LeConte), spotted cucumber beetles (D. undecimpunctata howardi Barber), and western corn rootworm beetles (D. virgifera virgifera LeConte), all vectors of BPMV, were identified (6, 20) . Despite the inability to maintain noninoculated plots at 0% BPMV incidence, there were significant differences observed between inoculated and noninoculated plots.
In Ohio, BPMV inoculation at the VC growth stage resulted in a 25.5% yield reduction. A smaller reduction (2.5%) was found in plants inoculated at R6 to R7. These results are comparable with those of Hopkins and Mueller (10) , who demonstrated that inoculation of cvs. Bragg and Lee 74 at growth stage V1 caused a 44.3 and 13.7% yield reduction, respectively. Interestingly, an intermediate reduction in yield (7%) was found for plants inoculated at growth stage V3 to V4 in Nebraska despite the difference in location and BPMV strain type. The work by Windham and Ross (37) demonstrated that inoculation of cvs. Centennial and Ransom must occur prior to growth stage V6 for significant reductions in yield. The greater effect of early virus inoculation on yield reduction is critical for developing management strategies for producers.
The agronomic effects of inoculation prior to the V6 growth stage also may play a role in interpretation of survey results. In Nebraska, a survey conducted in 2001 and 2002 showed that BPMV infection was present in 54 and 91% of the fields tested and that the within-field incidence ranged from 0 to 90% and 0 to 100% in 2001 and 2002, respectively (9) . However, the plant tissue was collected in late July and August at growth stage R2 to R5, significantly beyond the V6 growth stage. Future surveys to determine the incidence of BPMV at soybean vegetative stages coupled with BLB population assessments would provide information for management programs associated with early control of BLB populations and provide a better assessment of potential impact on production.
Current management strategies to reduce the impact of BPMV for soybean producers include the use of insecticide seed treatments (42) and foliar insecticide applications (15) . The use of soybean cultivars resistant or tolerant to BPMV infection would be the most practical approach for producers to manage this problem; however, genetic material tolerant to BPMV is not currently commercially available. However, the range of response observed among the soybean cultivars used in this study suggests that tolerance to BPMV may exist in soybean germplasm. Another possibility for BPMV management might be the use of soybean cultivars that are resistant to insect feeding (11) . By preventing feeding by vectors like BLBs, the spread and incidence of BPMV could be reduced
